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Bow Shocks from Runaway Stars  

•  Runaway stars (v* > v field stars) with   

–  v* > vSOUND, ISM  (~10 km/s) 

•  Shock interstellar medium (ISM)   
•  Create bow shocks  
     in direction of motion 

 
 
 
Multiwavelength detections:  
•  Typically infrared and optical wavelength  
•  One in non-thermal radio  
•  Maybe X-ray and high-energy gamma 

http://apod.nasa.gov/apod/image/1102/zetaoph_wise_900c.jpg 
 



E-BOSS: An Extensive stellar BOw Shock 
Survey. C. S. Peri et al. 2011  

Method: 
•  OB runaway stars  
•  d* < 3 kpc 
•  Arch like structure  
  
28 candidates out of 283 
 
No dependence on  
•  Position  
•  Stellar mass  
•  Age  



Bow shock scheme  

Image credit: S.Klepser 

γGeV 



Application of model to ζ Ophiuchi   
M. V. del Valle et al. 2012 

•  Well studied bow shock 
•  d = 222 pc   
•  Model prediction 

Spitzer, Blue: 3.6 and 4.5 µ, green: 8.0 µ, red: 24 µ 

10 del Valle & Romero: Non-thermal processes in bowshocks of runaway stars
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Fig. 11. Computed SED for ζ Oph bowshock, at d ∼ 222 pc. The sensitivity for CTA, Fermi, MAGIC, XMM-Newton

and VLA. IRAS data are also shown.

runaway stars might constitute a new class of high-energy
sources to be explored in the near future.
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Cantó, J. & Raga, A.C. 1998, MNRAS, 297, 383
Chen, Y. & Huang, J.H. 1997, ApJ, 479, L23
Comerón, E. 1997, A&A, 326, 1195
Comerón, F. & Kaper, L. 1998, A&A, 338, 273

Condon, J.J., Cotton, W.D., Greisen, E.W., Yin, Q.F., Perley, R.A.,
Taylor, G.B., & Broderick, J.J. 1998, AJ, 115, 1693

Draine, B.T., & Lee, H. M. 1984, ApJ, 285, 89
Draine, B.T., & Li, A. 2007, ApJ, 657, 810
Draine, B.T. 2011, Physics of the Interstellar and Intergalactic

Medium, Woodstock, Princeton University Press
Drury, L. O’ C. 1983, Rep. Prog. Phys., 46, 973
Fujii, M.S. & Zwart, S.P. 2011, Science, 334, 380
Fullerton, A.W., Massa, D.L. & Prinja, R.K. 2006, ApJ, 637, 1025
Gaisser, T.K. 1990, Cosmic Rays and Particle Physics, ed. T.K.

Gaisser
Gies, D. & Bolton, C.T. 1986, ApJS., 61, 419
Ginzburg, L.V., & Syrovatskii, S.I. 1964, The Origin of Cosmic Rays,

Pergamon Press, Oxford
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Fermi-LAT Upper Limits 

•  First systematic study searching for high-energy gamma-ray 
emission (57 months) from bow shocks of runaway stars  

•  No evidence for gamma-ray emission from the bow shocks  
•  UL constrain models by factor ~5 ζ Ophiuchi 



Model Predictions and Upper Limits  

Models of the high-energy gamma-ray emission have been published for 
three of the bow shocks. Fig. 4 and 5 show the LAT upper limits derived in 
this analysis together with the spectral energy distribution (SED) predicted 
by published models. For ζ Ophiuchi our limits constrain the model 
predictions by a factor of ~5. Our upper limits are roughly at the same level 
as the model predictions in the case of BD +43°3654 and for the third 
candidate (HIP 24575) the Inverse Compton peak is expected in the X-ray 
regime, therefore, not in reach for Fermi-LAT.    
 

To verify the fitted 
model, we calculate 
residual count maps. If 
bright residuals appear 
at 2FGL background 
source positions, the fit 
is repeated with the 
spectral parameters of 
these sources left free. 
 
   

Upper Limits  

Constraining the Nature of Bow 
Shocks of Runaway Stars through 

Fermi-LAT Observations 
Anneli Schulz (DESY) on behalf of the Fermi Large Area Telescope Collaboration 

 
 
 
 
 
 
 
 
 
 
 
 
 
We systematically investigate 27 out of the 28 bow shocks found in the  
E-BOSS catalogue searching for high-energy (E>100 MeV) gamma-ray 
emission from these objects. HIP 101186 is excluded, since this source is 
spatially coincident with a gamma-ray pulsar (Pletsch et al. 2012). If either 
the size of the bow shock exceeds 18! or the distance between star and 
shock is larger than 5! (as listed in Peri et al. 2012) we use templates from 
publicly available WISE data to search for high-energy emission.  

We present the first systematic study searching for high-energy gamma-ray emission from bow shocks of runaway stars. There is no 
evidence for gamma-ray emission with E>100 MeV from the bow shocks collected in the E-BOSS catalogue. 
The flux upper limits derived from the Fermi LAT data challenge current models of high-energy emission from certain bow shocks. 

  

Bow Shocks of Runaway Stars Observation and Analysis  

Fit Verification  

Conclusions  

References 

Figure 2:  TS maps of the best candidate ζ Ophiuchi with a bin size of 0.1°. White 
contours are from the WISE template. Left: including only 2FGL sources in the model. 

Right: including an additional source A in the model.      

Abstract  
Bow shocks of runaway stars were suggested as possible sources of high-energy gamma-ray emission. In addition to the detection at infrared 
wavelengths, there have recently been claims for detection in X-rays and radio, indicating a spectrally wide non-thermal component. For the first time 
we systematically analyzed nearly five years of Fermi-LAT data from the regions of 27 bow shock candidates. These candidates are the ones listed in 
the E-BOSS catalogue of stellar bow shocks. Since no significant emission was found, we calculated flux upper limits. For one of the candidates  
(ζ Ophiuchi) a recent prediction of gamma-ray emission can be robustly ruled out by our data. Our flux upper limits on the gamma-ray emission from 
any of the known stellar bow shocks strongly constrain the possible gamma-ray component that these objects may have.  

Figure 3:  Residual count map 
for ζ Ophiuchi.     
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"

We analyse 57 months of Fermi-
LAT data (Pass 7) in a binned 
likelihood fit using the gtlike 
package provided within the LAT 
Science Tools1 (v9r29p00) in the 
energy range from 100 MeV to 
300 GeV. We use the second 
Fermi-LAT catalogue (2FGL, 
Nolan et al. 2012) as input model. 
If bright emission is apparent in 
the TS map (as seen in the left 
map) we introduce a new source 
at the point of highest emission. 
The example to the right shows 
two TS maps for the best 
candidate. We introduce source 
A, for which no counterpart has 
been found so far.  
 
 

Figure 4:  SED for the best candidate ζ Ophiuchi.     Figure 5:  SED for the two other candidates.     

Table 1: 95% confidence-level gamma-ray flux upper limits for bow shocks of runaway stars. 
Calculated by assuming point sources for two bow shock candidates and a template from WISE 
data for the other candidate (denoted with a *). l and b denote the Galactic coordinates of the 
star. εγF(εγ) corresponds to the differential energy flux within the energy range provided (GeV) 
assuming a power-law spectrum of gamma-ray emission with photon index αγ=2.  
 

Runaway stars can produce bow 
shocks if they move supersonically 
through the interstellar medium. 
There are models (e.g. del Valle et 
al. 2012) predicting high-energy 
gamma-ray emission from bow 
shocks of runaway stars. The main 
contribution in the high-energy 
regime are photons from the dust, 
being upscattered via the Inverse 
Compton effect.  Figure 1: Scheme of a bow shock from a  

runaway star in the rest frame of the star.  

Bow shock scheme

R0 ~ pc Δ ~ 0.3 R0

Star/Shock rest frame

VISM = V* ~ 30 km/s
VW ~ 1000 km/s

adiabatic
shock e±

dust

γIR

γTeV

B ~ 10-30 μG

γGeV 

Credit: S.Klepser"

A. Schulz et al.: Search for High-Energy Gamma-Ray Emission from Bow Shocks of Runaway Stars

Table 1. 95% confidence-level gamma-ray flux upper limits for bowshocks of runaway stars. Calculated by assuming point sources (emission
unresolved for the Fermi-LAT ) for 23 bow shock candidates and 4 by using a template from infrared data (the latter denoted with ⇤). All bow
shock candidates are listed in the E-BOSS catalogue . We calculate upper limits in four logarithmically equally spaced energy bins covering the
energy range from 100 MeV to 300 GeV. l and b denote the Galactic coordinates of the star. ✏�F(✏�) corresponds to the di↵erential energy flux
within the energy range provided (GeV) assuming a power-law spectrum of gamma-ray emission with photon index ↵�=2.

Star l b ✏�F(✏�) [10�6 MeV /cm2/s1]
[� ] [� ] 0.1 � 0.74 0.74 � 5.5 5.5 � 41 41 � 300 [GeV]

HIP 2036 120.9137 +09.0357 0.61 0.13 0.30 1.44
HIP 2599 120.8361 +00.1351 0.99 0.55 0.39 0.99
HIP 11891 134.7692 +01.0144 1.20 0.60 0.79 1.61
HIP 16518 156.3159 -16.7535 0.93 0.22 0.21 1.29
HIP 17358 150.2834 -05.7684 0.56 0.24 0.24 1.26
HIP 22783⇤ 144.0656 +14.0424 0.82 0.15 0.19 0.72
HIP 24575 172.0813 -02.2592 0.21 0.19 0.28 0.96
HIP 25923 210.4356 -20.9830 1.31 0.13 0.20 1.08
HIP 26397 174.0618 +01.5808 0.64 0.59 0.34 1.31
HIP 28881 164.9727 +12.8935 0.24 0.18 0.37 0.83
HIP 29276 263.3029 -27.6837 0.70 0.17 0.17 1.24
HIP 31766 210.0349 -02.1105 0.90 0.61 0.45 1.66
HIP 32067 206.2096 +00.7982 1.28 0.91 0.51 1.04
HIP 34536 224.1685 -00.7784 0.51 0.65 0.45 1.95
HIP 38430 243.1553 +00.3630 1.10 0.86 0.45 1.16
HIP 62322 302.4492 -05.2412 0.32 0.19 0.44 1.12
HIP 72510 318.7681 +02.7685 0.94 0.43 0.33 0.93
HIP 75095 322.6802 +00.9060 0.40 0.26 0.52 1.03
HIP 77391 330.4212 +04.5928 1.44 0.48 0.56 1.13
HIP 78401⇤ 350.0969 +22.4904 0.57 0.15 0.34 1.06
HIP 81377⇤ 006.2812 +23.5877 0.72 0.60 0.57 1.16
HIP 82171 329.9790 -08.4736 1.04 0.30 0.26 1.46
HIP 88652 015.1187 +03.3349 3.00 0.28 0.29 1.35
HIP 92865 041.7070 +03.3784 0.31 0.25 0.31 1.97
HIP 97796⇤ 056.4824 -04.3314 1.02 0.36 0.37 1.00
BD+43�3654 082.4100 +02.3254 1.00 0.33 1.05 1.19
HIP 114990 112.8862 +03.0998 0.94 0.43 0.47 0.88

Table 2. 95% confidence-level gamma-ray flux upper limits for bowshocks of runaway stars. Calculated by assuming point sources (emission
unresolved for the Fermi-LAT ) for 23 bow shock candidates and 4 by using a template from infrared data (the latter denoted with ⇤). All bow
shock candidates are listed in the E-BOSS catalogue . We calculate upper limits in four logarithmically equally spaced energy bins covering the
energy range from 100 MeV to 300 GeV. l and b denote the Galactic coordinates of the star. ✏�F(✏�) corresponds to the di↵erential energy flux
within the energy range provided (GeV) assuming a power-law spectrum of gamma-ray emission with photon index ↵�=2.

Star l b ✏�F(✏�) [10�6 MeV /cm2/s1]
[� ] [� ] 0.1 � 0.74 0.74 � 5.5 5.5 � 41 41 � 300 [GeV]

HIP 24575 172.0813 -02.2592 0.21 0.19 0.28 0.96
HIP 81377⇤ 006.2812 +23.5877 0.72 0.60 0.57 1.16
BD+43�3654 082.4100 +02.3254 1.00 0.33 1.05 1.19

for HIP 24575 ( AE Aurigae) López-Santiago et al. (2012)
the prediction are that the IC peaks is at lower energies, therefore
our upper limits, shown in Fig.5 are not constraining.

I

5. Conclusions

There is no evidence for high-energy gamma-ray emission from
bow shocks of runaway stars, the existing models are challenged
by the presented upper limits.
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Since all bow shock candidates have TS values 
smaller than 10, meaning that no significant emission 
was found, we derive upper limits in four energy bins. 
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